Abstract
Elastic strain has the potential for a controlled manipulation of the band gap and spin-polarized Dirac states of topological materials, which can lead to pseudo-magnetic-field effects, helical flat bands and topological phase transitions. However, practical realization of these exotic phenomena is challenging and yet to be achieved. Here, we show that the Dirac surface states of the topological insulator Bi2Se3 can be reversibly tuned by an externally applied elastic strain.
Performing in-situ x-ray diffraction and in-situ angle-resolved photoemission spectroscopy measurements during tensile testing of epitaxial Bi2Se3 films bonded onto a flexible substrate, we demonstrate elastic strains of up to 2.1% and quantify the resulting reversible changes in the topological surface state. Our study establishes the functional relationship between the lattice and electronic structures of Bi2Se3 and, more generally, demonstrates a new route toward momentum-resolved mapping of strain-induced band structure changes.
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Because of the inherent coupling of the electronic structure with the crystal lattice, the application of strain offers a promising pathway to modify the electronic structure of materials.
As such, the application of an elastic strain not only has the potential for providing an efficient reversible engineering control of the functional properties of materials, 1-5 but also permits access to novel emergent phases 6 as well as exotic physical phenomena arising from straininduced lattice-symmetry breaking. To advance the application of topological materials in the field of "straintronics", we have developed an approach that enables angle-resolved photoemission spectroscopy (ARPES) and x-ray diffraction (XRD) measurements during tensile testing of ultrathin epitaxial Bi2Se3 films bonded onto conductive polyimide foils (Kapton®). This setup not only allows systematic in-situ control of the strain state at a macroscopic length scale, but also enables a direct, momentum-resolved quantification of the reversible strain-induced energy shift of the topological Dirac point, which is simply impossible with traditional approaches based on mismatched epitaxial film growth. with the Dirac point at ~0.34 eV, which is typically observed for Bi2Se3 films exhibiting electron doping due to Se vacancies. 24 With increasing εKapton and the accompanied elastic deformation of the Bi2Se3 lattice, the position of the Dirac point moves to smaller energies (Fig.   3a, b) . These shifts are also evident from the energy distribution curves at Γ " (Fig. 3c) . To quantify the observed shifts, the dispersion relations for the topological surface states are extracted by curve fitting 24 (see Supporting Information) as shown by the dashed curves overlaying the data in Fig. 3a . For εKapton ≤ 3%, the Dirac point shifts approximately linearly with εKapton to smaller energies by up to -35 meV (Fig. 3d) . As with the XRD measurements, the shifts of the Dirac point are reversible within this range of strain as demonstrated by the data presented in Fig. 3d and e, where the Dirac point shifts to smaller energies upon straining but returns to the original position upon unstraining. For εKapton > 3%, the shift of the Dirac point becomes nonlinear (Fig. 3d ), in agreement with the relaxation of the film strain revealed by our XRD measurements (cf. Fig 2b) .
The experimental results can be directly compared with first-principles calculations for
Bi2Se3 films subjected to increasing εx, where the strain components εy and εz are given by the Poisson contraction of Kapton and by energy minimization, respectively. These conditions reflect fairly accurately the strain state of the Bi2Se3 film during tensile testing, as confirmed by the good agreement of the resulting εz/εx ratio with that determined by XRD at 90 K (-0.41
vs. -0.43; cf. Fig. 2b ). Figure 4a shows the calculated band structure for a 6-QL Bi2Se3 film relative to the Dirac point as a function of εx. Strain substantially affects the width and energy positions of the valence and conduction bands. For increasing εx, the top of the valence band at Γ " remains essentially stationary, which can be attributed to its strong connection to the Dirac point by analytic continuation of the electronic wave function over a small energy difference.
Simultaneously, the increasing compressive strain along z with increasing εx enhances the interquintuple-layer coupling of the Se pz bands, which causes the vertical band gap at Γ " to increase and the conduction band minimum dominated by the antibonding pz bands of Se to shift upwards relative to the Dirac point. 11-13, 15, 16 However, to provide a direct comparison to the electron doped films in our experiment with a somewhat populated conduction band (see Supporting Information), the theoretical results are re-plotted with the conduction band minimum (or the Fermi level of the doped sample) as the new reference point (Fig. 4b) . It then follows that the Dirac point shifts to smaller energies with increasing εx. Our combined XRD
and ARPES results directly demonstrate the impact of strain on the position of the Dirac point, and moreover, allow us to quantify the magnitude of the shift to be -37 meV per -1% strain along z, comparable to the theoretical value of -29 meV at equivalent lattice deformations (Fig   4c) .
Our demonstrated ability to follow the evolution of the surface electronic structure of a thin film as a function of strain by direct ARPES measurements during tensile testing is crucial for advancing materials design, modification, and control. The potential is enormous as evidenced by the impact of high-pressure research that has opened an entire new field in materials science. 25 Our novel approach using a Kapton foil as the strain transmitting medium in combination with a special flip-chip technique for preparing freshly cleaved surfaces enables us to show that the topological surface states of Bi2Se3 can be reversibly tuned over an elastic strain range up to εx ~2.1%, a level which is simply impossible to achieve in bulk samples due to their much lower yield strength as compared to that of their spatially confined thin film complements. The approach not only has important implications for the application of topological materials in the field of thin-film straintronics, but also opens new routes to systematically explore the role of strain-induced band structure changes for a wide range of
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